. Hydroponic studies using several species, including soybeans (1, 13) and navy beans (17), suggested that high nutrient Zn did interfere with Fe uptake and/ or translocation, resulting in manifestations of Fe deficiency. The addition of Fe to the growth medium of soybeans could overcome the effects of high nutrient Zn, suggesting a competition between Zn and Fe at some site (1).
While examining plant response to high soil Zn levels at the site of an abandoned zinc mine, we observed that affected plants of corn and other grains often showed interveinal chlorosis in the new growth comparable to that of Fe deficiency. Our field studies in corn suggested that Zn inhibited Chl production by interfering with Fe metabolism, but not by lowering the Fe content of the leaves (J. A. Rosen, C. S. Pike, M. L. Golden, J. Freedman, in preparation). These findings were in accord with Giordano and Mortvedt's conclusion that Zn did not block Fe transport in soil-grown corn (9) . Hydroponic studies using several species, including soybeans (1, 13) and navy beans (17) , suggested that high nutrient Zn did interfere with Fe uptake and/ or translocation, resulting in manifestations of Fe deficiency. The addition of Fe to the growth medium of soybeans could overcome the effects of high nutrient Zn, suggesting a competition between Zn and Fe at some site (1) .
Examination of competition between Zn -and Fe necessitates separate analysis of the absorption of metals by the roots and translocation to the leaves, using carefully controlled nutrient conditions. This report describes a hydroponic study designed to determine possible mechanisms of Zn toxicity at the level of these transport processes. The effect of Zn on Chl was also studied. (Table II) showed the typical chlorosis (9, 15) . Although all of our hydroponic work (reported here and unpublished) showed negative and usually significant correlations between Chl and nutrient Zn, root Zn, and leaf Zn, the present experiment did not reveal a significant correlation. One possible explanation for this lack of significance lies in the experimental design. Giordano and Mortvedt (9), using soil-grown corn, did not find evidence for the inhibition of Fe transport to plant tops by Zn, even though the toxicity symptoms were typical of Fe deficiency. In contrast, increasing soil Fe did lower the Zn content of tops. Their results are thus compatible with our laboratory and field observations. However, Brown and Tiffin (5) found that the addition of large amounts of Zn to soil caused a large drop in the total plant Fe content in corn and millet but not in several other species. Both of these previous studies (5, 9) used a Zndeficient soil in pots, with the soluble Zn and Fe salts added; our field study used a completely natural system. None of these soil studies examined absorption and translocation separately. In a hydroponic study on If we hypothesize a Zn-Fe competition for binding at some site (such as a fixed site, an enzyme, an ion carrier in a membrane, or a carrier in the vascular tissue), the following points should be considered. The mutual substitution of Zn2+ and Fe2+ is plausible given their identical ionic radii (0.83 A) (10) . The order of activity of heavy metals in inducing chlorosis is similar to the order of the strengths of their bonding to certain chelating agents, such as ethylenediamine (7, 16) . By this view, then, Zn could successfully compete with Fe2+ for certain binding sites, and, once bound, Zn would not easily be displaced by Fe2.
MATERIALS AND METHODS
Several tests of model (a) above are possible. The conversion of coproporphyrinogen to protoporphyrinogen requires Fe and is impeded in Fe-deficient plants (8, 11, 14) . Fe is required for the activity of ALA5 synthetase, the initial step of the porphyrin pathway in animals and photosynthetic bacteria (12) . Beale et al. (4) have shown that barley leaves may synthesize ALA by an entirely different mechanism, using glutamate; the effects of Fe and Zn on this process need to be explored.
